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of the ordinary or of the cyclic stress-strain curve. Previous work had developed a G} for the ordinary
curve, to be associated with the surface attack effect as in stress-corrosion cracking, and one G for the
cyclic curve, to be associated with the stress relaxation effect as in fatigue crack propagation (FCP).

A hybrid G;\l is developed, combining attributes of both, which seems to successfully describe the
corrosion im{uced augmentation of Gg&kﬁic curves of Gg 1 correspond well with stage II
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remove the Luder band effect to facilitate the modelling. The scheme for data organization involves
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size implied by the fitting. Comparison of estimated process zone size with literature data of micro-
structural and fractographic size measurements is encouraging. Model predication of load ratio effects
on the fatigue crack growth threshold is in good correspondence with literature data.

For the reader who may wish to defer a detailed study of this report, an Appendix provides an
illustrated summary of major points.
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ORGANIZATIONAL SCHEME FOR CORROSION-FATIGUE
CRACK PROPAGATION DATA

150 INTRODUCTION

This paper continues authors' pursuit of physical models
by which various manifestations of subcritical crack propa-
gation can be predicted from ordinary and cyclic stress-
strain properties of the cracked material. The materials
for which this now appears feasible are generally high to
medium-strength wrought alloys, whose fracture instability
involves ductile tearing, albeit localized, as distinct from
cleavage. A central assumption of this modelling is the
necessity and likely sufficiency of condition for tensile
instability in the erack loeale for fracture dnstability.
The original proposal (1964) [1] stemmed from experimental
correlations of the strain for simple tensile instability,
as influenced by temperature and strain rate, with the
plane-strain fracture toughness, Kyes 85 similarly influ-
enced. Some years later [2] it was noticed that crack vel-
ocity under conditions for stress-corrosion cracking (SCC)
could be related to the shape of the entire stress-strain
curve. With strain near the crack tip assumed proportional
to the stress intensity faetory; this corresponds to an
applied K less than Ky., i.e., the regime of subecritical
crack propagation. Here the source of tensile instability
was viewed as a surface annihilation - or corrosion-rate
acting upon critical crack-tip ligaments. Since corrosion
is a stable process, so correspondingly is the crack growth
induced to compensate for the eroding sectional area of the
ligament. In a sense, then, it became unnecessary to
specify tensile instability as a failure condition. Crack
growth could be perceived as a mechanism, other than rising
external load, by which the load upon crack tip elements is
maintained constant. Later, at the suggestion of Landes and
Wei [3], the stress relaxation during the dwell time of a
fatigue cycle was recognized as another source of load
diminution. When related to cyclic stress-strain proper-
ties, this provided a one-parameter fit of a number of sets
of fatigue crack propagation (FCP) data [4]. This was
followed by two NRL studies [5,6], attempting to combine
influences of ligament corrosion, as a surface effect, with
its stress relaxation, as a volume effect, to explain
corrosion fatigue crack propagation (CFCP).

Note: Manuscript submitted June 13, 1977.




Only partial success was enjoyed from these endeavors.
One difficulty, carried over from the stress-corrosion-
cracking model, was a failure to predict the correct trend
in the AK-threshold. Whereas the model related the
threshold directly to the yield strength level, the data
indicates a strong inverse trend, except at very high
strength levels. Another deficiency was ~pparent in CFCP.
Here the K~threshold of rapid, environmentally-induced
Stage II growth tends to increase with increased cycle
duration. The model predicted no change.

These shortcomings, as well as concern with the sim-
plistic analysis and assumptions, led to its less than
enthusiastic acceptance by the technical community. In an
attempt to remedy these shortcomings, this paper reports
results of a careful examination of some dozen sets of
corrosion fatigue crack propagation data. These exemplify
each of the currently known anomolous behaviors of CFCP.
In each case, we have performed mechanical stress-strain
tests of the actual, or essentially identical, materials.
Between these end points, fracture vs flow data sets, we
have permuted what combinations of model parameters it

seemed permissible to vary. The permutations involved
calculation and graphing, made possible by digital computer
and graphics programming. It is thought that some improve-

ments in modelling have been developed which are worth
reporting at this time.

2. ANOMALOUS BEHAVIORS IN CFCP

It may be helpful at the outset to list each character-
istic of CFCP which has been addressed, citing here the
data source and material taken as illustrative. Such
initial summary of behaviors follows the practice of
Speidel [T] and of Dawson and Pelloux [8]. Figure 1 depicts
those which are treated in this paper. We follow the Paris
convention [9] of displaying FCP data as a full logarithmic
plot of the FCP rate K% = ay, vs the opening mode stress

intensity factor range AKy, simply called AK.

Consider first effects of the load ratio R on CFCP at
constant loading frequency. The base of reference, Figure
la, is fatigue crack propagation in vacuum, for which we
employ the results of Irving and Beevers [10] on a marten-
sitic Ti-6A1-LV alloy. Generally the FCP rate is lower in
vacuum than in air, particularly at low AK levels. Despite
the indication of an environmental effect of air, the FCP
rate in air is insensitive to loading frequency, atypical
of thet in lLigquid corrodents. Irving and Beevers find the
threshold for onset of FCP, AKpy, relatively insensitive to
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Fig. 1 — Curious effects in CFCP: of load ratio R, (a) little effect in
vacuum but (b) increased growth rate and decreased AK-threshold in
air, and (c) increased stage II level in salt water; and of loading fre-
quency f, (d) continuously decreasing stage II onset, (e) stepwise de-
crease, and (f) no change.




load ratio R above about 0. 3. In one case of a low alloy ;
0&T steel Cooke, Irving, Booth and Beevers [11] observe
practically nil sensitivity for all R's. In normal air

environment, however, AKpy(R) drops off with (increasing) |
R to a limit of about one-third that for R = 0. The example
of this, Figure 1b, is a Ti-6A1-L4V used by Fitzgerald and
Wei [12]. In mid-range AK levels, the FCP rates tend to |
merge again, prior to AKy,x reaching the K, instability

80 7 A This is observed for the Ti-6A1-4V, as well as for
A533 B steel (not used here) of Paris et al [13]. However, |
in Ti-8A1-1Mo-1V, Fig. 1lc, Buceci [1L4] observes a strong
leftward translation of argon-environment growth curves with
increased R. Correspondingly, his salt water growth curve
shifts even more to the left and upwards as well.

Regarding effects of frequency at fixed R, Pettit,
Krupp, Ryder and Hoeppner [15], Fig. le, show a typically
increased CFCP rate in Stage II growth with cycle duration
on a Ti-6A1-4V in salt water. However, the AK for Stage II
growth acceleration increases with cycle duration, leading
to curious crossovers in CFCP rates in the transition to
the normal (air) growth rate curve. This effect is clearly
documented by Dawson and Pelloux [8] for Ti-6A1-6V-2Sn.

In a high strength 4340 steel, little sweep-back in Stage II
threshold is observed, Fig. 14, whereas in a line-pipe
steel, even more is observed by Vosikovsky [4O], Fig. 1f.

Dawson and Pelloux showed CFCP for square wave loading
in salt water about 3X faster than for sine wave. However
Vosikovsky has one example in X65 line-pipe steel showing
a CFCP retardation by 1/3 for square vs triangular loading
patterns. ©Surely there are other anomolous behaviors of
CFCP. But even with those noted, small wonder that con-
fusion is rife amongst engineers seeking to use the avail-
able data for safe-life prediction.

3. BRIEF OF MODELLING ASSUMPTIONS

In view of aforenoted criticism of model assumptions,
a word here on rationale. This, like any physical model
for fracture in an active environment, requires a failure
criterion in the context of a crack tip stress and/or strain
field snglysis. To fit any such model to CFCP data will
involve a size parameter, implying something of the alloy
microstructure. Further, account for corrosion effects will
involve some sort of surface attack, implying aspects of
corrosion chemistry. To combine all of these elements into
single, workable fracture model requires major simplifi-
cations/approximations of each. Such simplifications often
prove unacceptable to experts in the field involved, leading
to rejection of the entire scheme. We are not astute




enough to avoid this dilemma, but ask that suspected assump-
tions be granted trial as working hypotheses, whose
plausability would be enhanced by success of data correla-
tions which employ them.

A. Failure Criterion/Plasticity Model

Regarding the failure criterion, we hypothesize, as
Orowan years ago [16], that local tensile instability,
generally conceded to be a necessary condition in the path
to rupture of a tensile specimen, is also a very-nearly
sufficient one for the crack tip locale., How nearly depends
of course, on the effective compliance of links connecting
the critical element to the interior of the cracked body.
The contention that reaching the maximum load point is
sufficient was based on the experimental evidence of direct
correlation of the plane strain fracture toughness Ky, with
the plastic-flow strain for maximum load, as estimated from

the strain hardening exponent n. Both Ky, and n were
observed to respond similarly to variations in temperature
and straining rate. A size parameter is derived from a cal-

culation of the distance from the mathematical crack tip
origin at which the tensile y-strain level recedes to the
value of n. With K7, and n directly proportional, a
y-strain directly proportional to K (and independent of
yield strength and strain hardening characteristics of the
material), was seen as indicating a constant size parameter.
Since microstructural size parameters should be unaffected
by reduced temperature and high strain rate, the test-
variables employed, this (constancy) seemed a desirable
attribute. Hence, the simple elastic field analogue for
crack tip strain was adopted

€y = Kl/\/27(r E (l)

where €y is strain normal to the crack plane at distance r

forward of the ecrack tip, and B is Young's modulus: Since
ey = n when K1 = X1., the size parameter was calculated as
dp = Kf/2nE2n2 (2)

B. Microstructural Size Parameter

Significance of the size parameter dp, called a
process zone size, could not be assessed from evidence then
at hand. The strain hardening exponent n is not always
equal to the strain for tensile instability. Crack tip
triaxiality, as discussed by Williams and Turner [17], can
require a greater strain. More too would be needed if
failure required attainment of a strain intermediate that




for maximum load and that for rupture. Larger critical
strains, at given Ky,, are found only closer in toward the
crack tip, hence smaller d.. Conversely, a stronger than
inverse-half-power strain singularity, indicated by several
analyses [18, 19, 20], would provide, for given Ki., strains
reaching the increased "failure" strain at greater distances

from the crack tip. Hence a judicious combination of these
assumptions could provide almost any process-zone size
needed.

As it turns out, the size needed well may be simply
that indicated by Equation (2), as a number of investi-
gations, to be discussed in Section 22, have shown fracto-
graphic dimple size in various alloys and/or largest-
inclusion spacing in steels to correlate reasonably well
with the dp of Equation 2. Further, careful experimental
work of Liu and his students [21] has invariably indicated
the inverse-half-power strain singularity. We conclude
from this that the simple elastic-analogue strain singul-
arity of Eq. (1) is the better choice for these problems,
which is thus employed here.

£ Environmental Attack

Finally in the list of model ingredients, the
environmental influence parameter of surface attack. We
would describe this broadly as any environmental activity
about the crack tip dp-element which has the effect of
gradually annihilating the load-~bearing capability of ,
material at its surface. The most obvious means of removing |
material was thought to be dissolution, which was then
proposed in Ref. [2]. Corrosion experts object to this F
degree of specificity, pointing out that other processes
are known to influence SCC and CFCP. Thus making the
cracked specimen either anodiec or cathodic with respect to
its neutral condition is known to accelerate the SCC, hence
the CFCP rate. Added stress from pressurized voids [22],
eased dislocation glide by matrix solute interaction [23],
micro-hydride swelling, flaking [24] are all possible
mechanisms. Unfortunately this model cannot discriminate
among annihilation mechanisms. However, it does allow
quantification of the effect of such mechanisms in terms
of the effective total depth of surface annihilation and,
if normalized with respect to cycle duration, of its rate
of attack.

L. SOURCES OF LIMITED TENSILE INSTABILITY
Assuming that the condition of constant-load mainte-

nance could closely approach a sufficient condition for
crack growth, the following, previously published,




derivation is repeated here [25]. The analysis pertains to
any unrestrained tensile specimen, such as those of size dp
thought to regulate the rate of crack propagation. The
question is: what amount of straining; hence strain hard-
ening; hence, in the context of the crack tip strain field
at constant K, crack extension, is required to maintain a
constant load, hence stability, in a given ligament? Such
load P supported over area A defines a stress

w
~

o = P/A (

or
P = oA

Differentiating then

dP = 6dA + Ada (L)
At constant load dP = 0 whence

—0dA = Ado (5)

The total differentials of area A and of stress G can
be separated into constituent partials. The familiar ones
are Poisson contraction and strain hardening respectively,
ingredients of the ordinary mechanical tensile instability
phenomenon. Less familiar partials are the d;-ligament
surface corrosion/annihilation and stress relaxation.
Consider now each influence in detail.

A Poisson Contraction

Lateral contraction, hence areal diminution, due
to elongation of a ligament is characterized by the Poisson
ratio

v = —g4/€ (6)
where Ed is diametral strain, 52 18 longitudinal strain of
the ligament. For simplicity, the subscript 2, designating

a longitudinal property, is deleted in further development.

For a ligament of radius rgp, (or diameter dg) A = erz
or ,

dA = 2nrp drp = 2% deg (7)

Hence, the area partial due to Poisson contraction is
defined as

0A, = 2me} dey = —vr dd de b (8)
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which for plastic flow Ep, where v = 0.5 becomes
AT e
0A, = —3 di de, (9)
B. Strain Hardening

It appears from these modelling attempts that only
the plastic part of the measured total (elastic plus
plastic) strain hardening rate is effective as stabilizing
the three "inducers" of crack growth: the surface attack
rate, the stress relaxation, and the Poisson contraction.
In the case of stress relaxation, the reason for this is
clearly the plastic (only) strain rate sensitivity of the
flow stress, which is equated to the stress relaxation.
For the other inducers, apparently only the permanent, non-
reversible portion of strain hardening has a stabilization
attribute. Hence for the plastic strain hardening, the
stress partial is

G e
0(}0 == I d(-p = Op d(:p (lO)
p
(345 Ligament Surface Annihilation

Effects of corrosion rate on tensile instability are
usually negligible for ordinary macro-specimen sizes.
However for micro-size ligaments at the crack tip, the
effect can be substantial. From Equation (7) above let
drp = -Vgdt, where Vg is the annihilation rate at the dg
ligament surface, whence this partial of A is

A, = —mdp V, dt (11)

The surface annihilation rate Vg need not be con-
stant, but, as in ordinary corrosion, typically diminishes
with time, as indicated later. It is convenient to des-
ignate a symbol for the total surface intrusion during the
entire cycle period: Arp = VgAt.

Ds Stress Relaxation

The remaining partial of G is that due to stress
relaxation. The effect in structural alloys at ordinary
temperatures may be closely associated with the plastic-
flow stress sensitivity to rate of plastic (only)deformation
For present purposes it is important to have a realistic,
yet hopefully simple characterization of this effect, parti-
cularly of how it is related to the position in the stress-
t strain cycle in which it occurs. Since there is a consid-




erable literature on the strain rate sensitivity which
could be brought to bear on this question, the basis of
conversion should be noted. Derivations in the literature
provided by Guiu and Pratt [26], and later by Hart [27],
are abstracted here for convenience of the reader, using
symbols of Guiu and Pratt.

In a tensile test, the crosshead speed y is matched
by the elastic plug plastic lengthwise deformation rate of
the specimen R+ 2 plus the elastic deformation of the
machine 2z, par%iculgrly of highly stressed elements of the
load train such as the load cell and grips

y=Q + ¢ +2 (12)
With crosshead arrest, ¥y = 0 whence
i, = ~({, +2) (13)

The machine deformation is inversely proportional to its
stiffness

. _ dP (1)
dz
assumed constant for small changes in load P. Converting

length changes £ to (engineering) strain rates é, Eq. (13)
becomes

€, = —€, —Egg g {15)

where 10 and a, are initial length and section area of the
specimen. The elastic deformation rate can be expressed

¢, = 6/E (16)

e

where E is Young's modulus. Combining the specimen plus
machine compliance into total compliance CT*

A I i
CT-_QOS*-E (17)

¥ Designation here of compliance by C, as used by Hart,
rather than by M of Guiu and Pratt, our usual practice.




a~

whence

& = ~Cpo (18)
Equation (18) says that a pleot of ¢ vs 6, is equivalent to

& plot of o ws €_. Hence the stress relaxation test pro-
vides direct measure of o(e).

Whether determined by stress relaxation vs time or
by stress vs strain rate measurements, the character of
this behavior is important here. Guiu and Pratt [26] assert
that the absolute sgnsitivity of flow stress to relative
(log) strain rate, do is constant over widely ranging
time/strain rates. Joes, Campbell [28] normally displays
his strain rate and strain rate history effects in this
manner. This is consistent with the observation [29] that
the absolute sensitivity in ferrous alloys tends to be con-
stant for varied strength levels. However, when one looks
at a given alloy over a range of flow stress éfvels pro-
duced by straining, the relative sensitivity S.0RY
appears more nearly constant. Thus plots of dlogt
true flow stress vs plastic strain rate for parametric
variation of strain level tend to be more nearly straight
and parallel to each other in full logarithmic display,
than semilogarithmic. Hart's work supports the latter con-
tention. It is commonly used in superplasticity calcula-
tions where very large deformations must be estimated. Our ;
own observations support it. Thus, we have elected the
latter option in this model development, using the super-
plasticity literature conventidn cof designating the exponent
of sensitivity as the constant m,

o d log (0) (19)
dlog (€,)
or
n o= S¢lo
dep/fp (20)

If indeed the strain rate sensitivity is of the kind
characterized by Equation (20), it is possible to measure
it from a log plot of stress vs the relaxation time. Assume
here, as implicit in Guiu and Pratt, and Hart, a path- or
history-independent mechanical equation of state. Consider
then a path in stress/plastic-strain-rate "space" to a
fixed plastic strain at two different but constant strain
rates €] < €, = §; + d€ in correspondingly, two different
times tl S o The stress differential between these end
points is given by rearrangement of Eq. (20).

10




However, since the terminal (plastic) strain € is the same

& N _(-_ & :i >3
=y & % (22)
whence

= €lty — E/t .
da _ e L = —n1£& (23)
g G/tl tz
dg = Modt (2k)

2

(o) = —m U (L) (25

Thus the slope of the log plot, noted above, provides a
direct measure of (-)m. This is much more convenient and
experimentally more accurate than measuring and plotting the
slope of the ¢ vs time data plot. We find good agreement
between the two methods of analysing stress relaxation data,
and where available, with direct strain rate sensitivity
measurements.

It should be noted that the above derivations assume
that relaxation of plagtic strain as well as the strain
hardening associated with it are negligible; however, cor-
rections for both effects are simple enough. The strain
hardening correction is handled graphically in our experi-
mental procedure by projecting back to the elastic line
with an appropriate slope reflecting the strain hardening
rate.

This result permits the fourth stress partial to
be designated as simply

06m=m6%t- (26)
2 L g s At

AGy, = ma n (t) {27 )

AG,. = —md (n (1 +ﬂ'- (28)
m = t’L

where tH/tL is the ratio of the hold or dwell time ty to the

11




loading time tp of the loading waveform.

E. All Sources Together

Combining all partials into the "load-maintenance"
Equation (5) gives

—G(0A, + 9A,) = A(d0y *+ 00,,) (29)
Inserting the above defined expressions gives
~3 (—g i3 de, + TdpV, dt) = A <(7p dz, ~ md ‘—’t-‘-) (30)

We substitute ﬂrT2 for the specimen/ligament area A, assumed
circunlar. It is also useful to rearrange to separate the
"stabilizing" strain differential required to maintain the
constant load condition, since this will be traded for

crack growth with the c¢rack tip plasticity model. With this
= -1
4V, 0
de =<'—§dt+m-d—t><—£—l (31)
p dp t/\G

This equation, while developed for the case of a tiny liga-
ment of radius rq, is applicable to any tensile specimen,
wherever subjected to tension strain, corrosion, strain
hardening, and stress relaxation. It assumes no attributes
of the erack tip locale. But this is now reguired.

5. CRACK~-GROWTH VS STABILIZING-STRAIN TRADEOFF

It is necessary now to ask how strain is applied to
microstructural tensile elements encroached by an advancing
crack which is periodically unloaded, then reloaded. For
reasons noted earlier, we employ the simple analogue of the
linear elastic crack-tip stress field. Repeating Equation
(1) nhere

1 -1/2
= ———— K.r ( l)
Y R E !

which differentiated becomas

de =

1 (r"1/2 dK ~ K .30 dr> (32)
V21 E 2
where r is the distance directly ahead of the crack measured
from the crack tip. The strain differential varies with the
position of sampling r. In this model we calculate the
value of de at the fixed point r = dn, and assume that
strain is constant from this point back to the actual crack
tip. The effect on the local strain of moving out from dg

12




a distance dr is taken to be equivalent to holding a point
fast in specimen coordinates and allowing the crack to

advance a distance -da up to it, whence dr = -da. With |
this, Eq. (32) becomes

1 [ Kg (
= e (K + o da 33)
e dTE( Lo 2dy >
The second K in Equation (33) carries a suffix G to denote
its function as a gradient factor. The other K term, dKp,
is associated with rising load application. It is needed
later in connection with a strain-rate field mapping.
However for corrosion fatigue growth, it may be neglected,
as the growth event is executed during the load dwell, while
K; is constant. The variable Ky is proportional to the
gradient de ¢ the strain field at the point dq, of which
a special Erovision pertains under conditions of cyclic
loading, as discussed later. We retain these distinctions
in reverting Eq. (33) to K-proportional strains via Eq. (31).

oy

de, = dej, + 54~ da (3k)
Eliminating dEp between Eq. (34) and (31), neglecting
dey Yields

- =]
10 /0
da = [svs dp + 2mdy %&] [eu (7‘ - 1)] (35)

Expressing (35) in incremental form yields

-1
L Op
Ay = [SVsAt + 2mdp (n (l + -——)} egn= — A (36)
"L (0]

As noted earlier, crack propagation per cycle da(=Aa/AN) is
displayed vs the stress intensity factor excursion, which
in this model, from Eq. (1) is

AK = \/27[ d'; EACK (37)
Here the eg-subscript K denotes strain amplitude derived
from the K amplitude. Conversion of AK or Ae (excursions)

to maximum values is defined in terms of the load ratio R

- OK = i
All of the variables in the right-hand bracket of

Eq. (36)(as well as m) are measured from the ordinary or

the cyclic stress-strain curves of the material, in a

13




manner to be described later. The measured tensile values
are converted to truc stress T and true longitudinal strain
v, for insertion in Eqs. (36) and (37). However, the form
o% the cyclic stress-strain curve, with Bauschinger effect,
is smoothed out, rendering it markedly different, less
angular, than that for the virgin material.

A. Dry FCP Growth Extreme

We associate the equilibrium cyclic curve with fati-
gue crack propagation in a benign or vacuum environment,
applying the stress relaxation term of Eq. (36). If we
index the ecyclic flow properties by numeral 2, as likewise !
the growth associated with it, the appropriate parts of i
Eq. (36) are

= -1
at %ﬂ
Aa, = 2mdq ¢n <l+-——>[c‘.<~—1 (39)
2 di t’L G2 g

where €go, 95 and 0 5 are funetions eof the true tensile
strain ¥, of the cyclic stress-strain envelope. It is
notable here that time enters only in a relative sense,

a function of the form of the loading pattern, not its
frequency, as is consistent with the frequency independence
of fatigue crack propagation in vacuum. The frequency
independence of air-environment growth is related to this
but has further implications to be discussed later.

Bl Sustained Load Cracking Extreme

At the other extreme we associate the ordinary
virgin-material, first (quarter) cycle properties, denoted
by subscript numeral 1, with the extreme case of steady
loading, static fatigue under severe environmental attack.
Here, only the Vo term s applicable since with its linear
dependence on time it is generally much larger than the m
term, which decreases with time. The appropriate part of
Eq. (36) is .

01 3
Ai‘ll = SVSAt (’Gl %’ = ‘\Lz_‘ (ho)
0,

where €gys ©¢1, and Ul are funections of the true tensile
strain Ty of the ordinary stress strain curve. The
coefficient V3/2, vs unity of Eq. (39) is to correct the
instability condition for plane strain triaxiality, as
proposed by Williams and Turner [17]. It has the effect of
deferring the instability point to a later strain, for which
Op1/G; = 0.866. The data correlations indicate that the
V3/2 coefficient is unnecessary, if not undesirable, for
cyeclic growth predictions. Hence, it is reasoned that the
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reverse straining due to cyclic loading has the effect of
"limbering up" the ligament so as to relax the local tri-
axiality. The V372 coefficient is retained for analysis of
stress corrosion cracking (in Eq. 40) because for certain
high-strength maraging steels, which show early maximum
load points followed by a protracted flat-topped stress-
strain curve, it defers the instability point beyond the
maximum load point to strain levels consistent with a
fracture toughness and process zone size indicated by
fatigue crack growth modelling.

C. Triaxiality Effects 1

Consistent with the instability triaxiality cor-
rection at the K o limit, the yield condition is also
assumed to be af%ected by lLocal triaxiality. A Tresca
yield condition applied to the elastic, plane-strain con-
ditions whiech should border the plastic zone, egual in

size te d. abt' this point. LB 2 Gy = Gy 95 = 2v0.,. This

: : : 3 .
gives a difference of principal stresses o, - 0, = © (1-2v)
or & briaxiality factor of 1/1-2v. This is introduced by

augmenting the measured elastic plus plastic strain by
( 1 )"YS 2v _ Yvs

E 1 +2p K
where oyg is tensile yield strength and v is the elastic
Poisson ratio. In Eguation (37) then, A€y is augmented

1 - 20 N

-y ol 98
Aeg =ex1 =€ Y 1T 9, E (1)

gnd iu Eq. (Lo} €01 = €k1- Phis triaxiality factor for the
yield condition has the effect of elevating the K-propor-
tional strain, via Eq. (37), at which plastic flow, hence
non-infinite plastic strain hardening opl’ commences. An
infinite O ; means infinite stability, hence zero growth by
Eq. (L40). Numerous cases of severe corrosion-induced crack
propagation appear to be correctly predicted by use of this
threshold-offset formulation. However it does not always
work, generally underestimating the Ko oo, hreshold for
softer/tougher materials, one of the deficiencies for which
this study suggests remedy.

6. OPTIONS IN MIXING OF GROWTH RATE FACTORS

An obvious approach to predicting corrosion fatigue
crack growth is by mixing additively the transfer functions
which seem to work for each limit: vacuum fatigue at the
lower end of the growth rate scale, Eq. (39); and stress
corrosion cracking, Eq. (40O), at the upper. But this does
not work! In seeking a successful scheme for combining the
ingredients for growth, a large number of different sets of
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modelling assumptions were tried. Briefly, as it turns out,

there appear to be two distinet rate-limiting criteria in
corrosion-fatigue crack propagation. The obvious one is the

surface annihilation/corrosion rate Vo in the general con-

text of Eq. (40). Here the correct selection of crack tip

condition is critical. We have been able to do this by

exercising only binary, either/or decision options: either

erack tip conditions pertaining to cyeliec attributes; or

else those pertaining to uncycled, sustained-load attributes,

may be employed. The second criterion, dependent upon correct

assessment of the surface attack eriterion , is one of

constant ratio of plastiec strain rate at the crack tip to

the surface' annihilgtion rate. The Ffirst criterion is P
apparently governed by the corrosion process: it is frequency

dependent and sets the level of the Stage II growth
corrosion fatigne. The second criterion is thought to re-
flect a dearth of fresh clean surface for environmental
attack. Here the plastic straining, exposing nascent surface
is outpaced by the corrosion rate, so that corrosion products
tend to seal off the surface, effectively arresting that
straining. To explain this, the following sections will
treat the manner of estimating the Vg limit, then the strain
rate field, then their combination leading to the second
criterion.

o

T. SPECIAL CONDITIONS OF FATIGUE CRACK PROPAGATION

We have described rather completely the terms of the
sustained load cracking model, summarized by Eq. (40). ;
Conditions surrounding the "dry" fatigue growth are somewhat i
more involved, since the effects of load, hence’strain-
reversal, on the mean stress location, and on the effective
strain gradient €an require special definition. Consider i
these now in turn. 3

jL Mean Stress Centroid Relocation

Conslider a tensile test, Fig. 2 in which the straian
is reversed and then restored repeatedly at various points.
If the reversal is attempted just beyond the proportional
limit, point (a), the plastic yielding will induce stress
relaxation. Since the true partial of stress relaxation is
along the zero plastic strain, or elastic-load line, the
cyclic stress-strain envelope will tend to slide back across
the abscissa. In a low cycle fatigue test, in which only
the strain excursion, not its absolute position, is con=- 4
trolled, the centroid of area of the cyclic stress-strain
envelope will slip down to rest upon the zero-stress axis
(30). This effect is attributed to the inequality of stress
relaxation rates due to the imbalance of tensile and com-
pressive stresses. It is consistent with the assumption,
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Fig. 2 — Various plastic flow terms as determined from the
true stress-strain envelopes obtained from the flow property
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Sec. 4 .D. and Eq. (28), of a constant relative strain-rate
sensitivity, for which the stress relaxation A5m is
proportional to the level of flow stress G.

How does centroid relocation occur at the erack tip?
Here the most that can be assumed is that upon unloading
the crack, collapse of the elastic stress field outside the
plastic zone will drive the crack tip strain back to zero.
It may not be supposed to drive it into the compressive
strain quadrants. Thus, although the conditions for stress
relaxation are present at point (a), there is no available
permissible path along which the shift can occur. To make
available sufficient compressive-stress scope, an additionsal
strain, by simple geometric construction on Fig. 2 approxi-
mately equal to OYS/ZE, must be provided. This is done by
requiring a value of AK, with its strain equivalent via
Ea: (1) of Aeg, greater than the measured longitudinal
elastic plus plastiec strain from the lower toe of the cyclie
stress curve., The amount added is simply the constant value
of oyg/2E. Thus for a given total cyclic strain excursion
Aeo> (at R = 0), the required equivalent strain is then
Aegp = DE, + OYS/QE.

A further consideration is required. As the load rati
R increases, the need for an incursion path into the for-
bidden compressive strain quadrant is obviated. The
minimum strain, €2m'n for a given strain excursion Aes.,
R &5, Thus for eycie—2 type growth, we add only that part
of OYS/QE which exceeds EOmip’ whence

3
4

—
—

) I - 9ys 2
L\(Kz = (1 ‘R)Gz -+ 2E e I{GZ

where only positive values of the square-bracketed term are
employed. The consequence of this in terms of crack
propagation is to "freeze" effects of load ratio on growth
rate (threshold) for R values above 1/3. This is seen

from Eq. (42) by substituting OYS/E for AE,, making its
term zero at R = 1/3. This attribute is desired for vacuum
fatigue data, for which R-effects vanish above R = 1/3, to
be demonstrated later.

The next question is how to set the peak-position cyclic
properties for R > 0. Our perception of this is depicted by
the envelope peaking at point (c) of Fig. 2 for an R of 5/7.
The form of this envelope, following the Massing hypothesis
(31) (which we corroborate), is as though the full ecyclic
envelope were traversed from its negative toe to a total
strain equal to that of the strain excursion. Thus the
value of Oppused in Eq. (39) is that for
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02 = 0y(Acy) where Acy :(1“R)Eznmx

Should then the stress level associated with the point
(e¢) be adjusted downward for centroid neutralization? It
seems reasonable that this should be so. However, our trails
show this to spoil some details of correlation. Hence,
seeking reasons why it should not we note that the path of
strain reversal must follow that of the full cyclic curve,
of whieh it is; in effect, a part: the path d-e of Fig. 2.
If we permit the c-d envelope to skew down, execution of
the d-e path would require a path excursion into the
"effectively inaccessible" zone. Since this is not per-
mitted, we justify retaining the c-d envelope pushed up
against a "roof" defined by the full cyclic envelope.

For the purpose of calculating the position of this
"roof", we designate the compressive stress corresponding
to the negative toe of the full eyclie stress-strain curve
as ocys, the compressive "ultimate strength" analogous to
opyg for the familiar tensile ultimate. In our manner of
testing for the cyclic envelope, this point is at zero
strain, hence oQyg is a "true" stress. It is then added
to true stress wvalues calculated from tensile load relative
to the zero load/stress axis. Calling this stress o , we
define an effective or averaged stress for a given 52 total
cyclic envelope

: o * Ocuy L3)

Oga =~ g5 (83)
This value EOA then replaces 52 in the right bracket of Eq.
(39). 5

B. Strain Field Gradient

The remaining variable in the cyclic growth equation
(39) is the gradient strain €g-+ In sustained load cracking,
without unloading, this is clearly to be associated with the
maximum strain level. However, insisting that maximum

strain values be used in the cyclic growth model, Eq. (392),
has resulted in prediction of a generally unobserved
negative sensitivity of the FCP rate to load ratio. To
effect correlations, we have had to assume that the gradient
strain in FCP must be associated with the strain excursion
in that cycle. Rationale for this expedient is to imagine
that plastic strain reversal in any amount at the crack

tip has the effect of cancelling out the tensile strain
gradient (at r = dT). The new gradient restored upon re-
versal again toc tension should reflect only the positive
strain excursion from this "zero base”, not that from the

e
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original zero strain, zero base. Thus the K-equivalent
strain excursion Ae is used to replace ¢ o in Bd. 39,
which for R > 1/3 equals AE,. The use of gEK2 vs AE, for
R < 1/3, is again an expedient in view of the Bucci
corrosion fatigue data at high R levels, to be discussed
Later.

C. Choice of Conditions for Transitional Growth
Factor

Crack tip conditions for cyclic m-induced growth
are likely to affect those for subsequent environmental

augmentation. The continuation of the m-induced growth must
surely be at the same local stress level o , and in the
same local strain gradient Ae . However, in estimating the

centroid neutralization displacement, the first cycle curve,
Fig. 2, always has an origin of reference at the zero strain
ordinate. It cannot move out from here as does the cyclic
envelope, whose shape is strain-excursion, rather than
maximum-strain, dependent. Thus the ecalculation of AEKl
firom A€ omits a minimum strain adjustment (R/1-R)} AEl.
Otherwise its calculation is identical to that for AEKz.
Specifically, frem The first cycle true stress Cqs VS
true strain €1 curve we define

A, = (1-R)§ (L)

and

- Oys
A€kl T Aep * o

—
-~

U

~—

This value of AEK is converted to AK by its insertion in
Eq. (37), to be aiigned (by interpolation) with values
obtained by inserting Aey, from Eq. (L2) for the purpose of
summing growth rate effec%s.

Obviously all transition factors cannot be the same,
or the predicted CFCP characteristics would not differ from
those of FCP. The difference is due to the strain hardening
rate, for which first cycle properties pertain. On the

curve of o. Vs €., the 0. walues are read as & function of
€., the maXimum Strain value. The true plastic strain
hardening Op, is then computed from Ol’ according to formulas

given in sec%ion B (0 P

The environmental attack effective in one cycle is
hard to visualize as a constant corrosion rate, Vg.
the total surface annihilation depthaveraged
over the cycle time is used in the transitional growth
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formulation, Ar, being substituted for V_At of Eq. L4O.

&, SUMMARY OF GROWTH FACTOR FORMULAS

Preceding sections cite ingredients of the three
different "growth rate factors” now collected. Assume we
have measured ordinary tensile, then full cyclic~-equilibrium
stress-strain curves and have converted their measurements
to "true" values of O and 0. as functions of true
longitudinal strain €. Let subseript 1 denete first
excursion properties, 2 denofte cycliec properties and 2/1
those selected as germane to the transitional stage between
dry fatigue 2 and constant load cracking 1. The specific
equations are cited below in the order in which they govern:
dry cyclic fatigue, cyclic fatigue/corrosion augmentation,
and the static fatigue corrosion induced crack growth. The
bracketed strains indicate the functional dependency.

For dry FCP, Eg. (39) becomes
=4

by Op2( AE,) (46)
Aay = 2mdg ¢n Q,+’Ez> Aego 551725 =
and Eq. (37)
AK = {/Zmdp Edeg, (47)
in which, from Eq. k42
Aegs = (1-R)E, + [%‘—hi a sz} (18)

where only positive values of the square bracketed term are
employed.

Fcr the cyclic fatigue corrosion augmentation, Eq. (L0)
modified as discussed in Sec T7.C. becomes
=

01 (&) (k9)
Aay;p = (8Arp) | Acke 7;;;r§:)— 1
and Eg. (37)
AK = \/Zrdy Edeg, (50)
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where

s
e =R, D
A(l\] (l [{)(l 2[‘: (51)
In Equation 49, 0., is given as a function of €., when it is
in fact a second éxcursion (cyclic) property. the equival-
encing of o0pap(€;) with the appropriate Toplep) is carried

out through an interpolation scheme tec be described in
Seetion 11, For static fatigue corrosion-induced crack
growth, Eq. (L40) becomes

f -1 (52)
Sd 8\" - @ﬂ‘fl) _.\Zgj
At | °K1 0y(cy) 2
and Eq. (37) '
where repeating Eq. (k1)
2v__ %vs (54)

€~ B 7 1 -2v E

For convenience in further development, that portion of
each growth equation derived from the form of the stress-
strain curve (except for m) is called a growth rate factor
G,specifically:

: -1
Dy {55)
Gz = ACK?. —_P_‘ G ] 5
O2A
5 -1
01 (56)
Gy = |Aega|z— ~ 1

3 =1
by F (57)

Gy = P s [ == e
1 K1 0, 9

A. Procedure for Mapping Parametric Growth Factor
Curves

The parametric curves of the frequency-dependent
part of CFCP are obtained by adding to the basic growth
Aa,, Eq. (46) or actually a function directly proportional
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B T R Ry R e —

v dfs G, Egs (55),uuccessive1y regularly larger amounts of
Ba, ;s 2q. (49), or its proportional function, (}2/1 Eq.

(56). The sum required is:
Aa Ly

8
(aN) Aag *+ Aay;p = 2mdy dn <1 i ;) Gy + 8arpGy)y )

Il

2'2(m)G2 s [l(Ar'[')G2/1

where Aa is the predicted crack growth increment for one
fatigue cyele. Since G2 is basic, we factor out its coeffi-
cient

Aa _ fy (60)
[2

In mapping these parametric curves, we substitute a geometrice
series for the coefficient of G2/l’ specifically

fy (61)

This series of values for the coefficient of 02 1 results
in a family of curves which span the range of oéserved CPCP
behavior for the materials considered. For future

reference a particular member of this family will be design-

ated

Aa

m -GN (62)
The actual numerical summations of G(N) must be made at
equal values of Ae and Ac « This is accomplished by éen

interpolation to be detailed later.
9. STRAIN RATE FOR CRACK PROPAGATION

The concept of such a rate of straining inheres this
modelling logic, as it is the means by which the stabilizing
strain is provided from crack growth. Recall from Eq. 3k,
crack-tip strain rate combines effects of crack loading &and
crack growth as follows
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dée, = dep, da (34)

ke
2dp
As noted earlier, the gradient strain eg for CFCP is taken
to be Aeg. Substituting also the crack propagation incre-
ment in the context of Eq. (62), Eq. (34) becomes, in
incremental form,

-

= . K
A€, = Ae ) 2—(1;

b f,(m) G(N) (63)
We have observed that the map of plastic strain rate rather
than total elastic plus plastic strain rate provides the
more "data-consistent" delineation of the frequency
independent contour lines. Accordingly we seek to remove
the elastic strain component. To do this we deduct

VW¢A/E from the cyclic-envelope elastic strain

')(jy (A(_‘ {
- - it 7 9 . 1 ~ ( £) )
Ae S N — et 5 4+ — \C4
AE, = AT, I Acgmin {1 0 G(N)
where f,(m) has been inserted from Eq. (58) and (592) and
GoA is a function of the strain excursion A€o not the
maximum strain, as used in connection with Eq. (49). 1In
order to compare with a map of (%) , Eq. (AlL) can be
rearranged -
X 20,
W BE, ~ By » =
mn|(l + — G(N) = (65)
tL AGK

Abbreviate the left hand term asY. Note further that AEe
can be exvressed as a strain rate by normalizing over the

cycle duration At

L
™
™

ot 3 R .
‘P~ At N f (66)

L
]
Il

Where v is the period of a cycle Y of frequency f. With
this, and using Eq. (42). Eq. 65 becomes
fpﬁ — ATy + 204, /E

R

AE, + {OYS/ZE il Ac"z] {>0 only}

m (n <l + %) G(N) =Y = (6T )

4

This is shown as step (19) in Table 1.
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J Procedure for Mapping Parametric Strain Rate Curves

To map out Eq. (67) we establish a parametric set of
values for € /£ using the same type of geometric series as
for the G %N) map. The values used are

()

R e (68)

ok
b
—_
1]
i
c

for a map area sufficient to cover most ranges of CFCP

growth.
The maps of growth rate factor, G(N) ws Be,, and
: : L, S
those of constant erack strain rate, & /f wvs Ae_., can be
) K
superposed by aligning coordinates. The abscissa scales,
both in terms of Aeyg, may be superposed. For the ordinate

scales, we align Y = 1 {og Y= 0) on the strain rate map in
accord with Eq. (65)

G(N>=.____l__T_
m ¢n (l+—’—'—) (69)
ty,
Alternatively the strain rate maps may be plotted directly
in terms of G(N) by inserting known values of m and t.

B. Matching of Combined Curves to CFCP Data

Superposition of the combined map on CFCP data plot
produces a value of dq by the location thereon. The pro-
cedure used is to solve the growth equations (62) and (k47)
for a line on the G vs Aeg map of constant dp. Since

G varies(inverselywith dp while Aeg as its root, this
line has a slope +2 on equally scaled logarithmic paper.
Our preference is to use graph paper with an abscissa scale
twice that of the ordinate, on which this slope appears at a

450 gngle. If we select a reference point Aa =
£ £ 2% per = 10 um/
cycle, AK[ref = 10 MPa vm on the data plot, a correspond-
ing point on the G vs AeK match line is, from substitution
in Eqs. (62) and (L47) and rearranging with dp set at 100 um
o 1
G lref =i t (70)
20m ¢n <l - —"-)
tL
1000 .
Aey | = ———  (in MPa) 71
Klyor r B L1
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Matching involves sliding the plots to a best fit with the
match line of slope 2 through the point (ﬂr,, G) |

lref
passing through the (AK, Au/lﬁ\!r“f point. Using Lh?:.
specific value of Aﬂerer (any other could be chosen) is
convenient in that in match location it corresponds on the
AK scale to ¥Yd@p (in um). The match must also honor the

location of K= K1e which should correspond to the AK/(1-R)
at which GE koo,

10. PROCEDURES FOR OBTAINING PLASTIC FLOW DATA

The manner of processing data to obtain the parametric
growth rate factor maps will depend on the form of the data.
Henece we interject at this point a brief description of how
ours was obtained. Tensile and full-cycle equilibrium
tension-compression stress-strain curves of the material are
needed. In the data shown here, the cyclic curve is
obtained after an initial tensile exeursion to a strain
slightly exceeding that for maximum load. This allows
measurement of 04 to the slightly negative values required
to make Op1/0y, reach the value V3 /2 in Eq. (57). Sub-
sequent to this, straining is reversed and initial length
ig restored. At this point the ecyclic measurement
commences. Again the specimen is .extended to slightly
beyond maximum load. In the ferrous &alloy used here,
this curve is equivalent to the equilibrium cyclic curve.
However, in the titanium alloys, further cyecling will
typically introduce the two-stage hardening effect. We had
sought to avoid this effect in early modelling attempts as
there appears to be no undulation in FCP which corresponds
to that reflecting two-stage hardening in the G (W)
profiles, the parametric lines of constant "N" in the
growth rate factor maps. It is now apparent that the
constant strain-rate/corrosion-rate profiles, lines of
constant N~M, will fit the data evenwith inclusion of two
stage hardening. For normal growth increments, much smaller
than dT, each ligament should experience many strain cycles.
Consequently, the condition of two stage hardening should
ociecur ab the erack tip. Accordingly, we now recommend
continued cycling in these measurements until a true
equilibrium condition is established. The strain excursion
applied should not exceed that for the equilibrium-condition
maximum load, to assure maximum endurance of the specimen.
It is important that the flow measurements be made on
specimens which have not begun to fracture, which is favored
by a minimal strain excursion. The tensile specimen axis is
oriented normal to the crack surface, to simulate dp-ligament
orientation. Miniature tensile specimens are employed with
test section dg = 4.32 mm diameter and length about
13 mm. Deformation is sensed with a diametral bi-lobed clip
type strain gage, although we now believe that longitudinal
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strain measurement would be more desirable. This would
remove the necessity to convert to longitudinal strain for
use in the model calculations providing better definition

in the growth threshold region. Usually several tests of
the same material are run to assure reproducibility of the
data. The cyclic envelope is held in the positive longitu-
dinal (= negative diametral) strain quadrants, as noted
earlier, to better simulate the erack tip condition of no
potential for compressive strain. The two curves scaled

in terms of engineering stress o = P/A_and diametral strain
Eg = Ad/dO are marked at closely Space8 strain stations,
particularly in the low strain and/or high curvature regions.
At each station, the tensile stress op and slope doT/drd are
measured and recorded. Specific point measurements on each
curve, distinguished as before by subscript 1 for ordinary
and 2 for cyclic, are required: o

Tensile yield strength, oyg (at 0.2% offset);
Elastic diametral moduli, 030 .1° Odo 53 and
R 10,2

Compressive Ultimate Strength, ocus

Additionally a value of the longitudinal elastic modulus E
is needed; one may normally employ handbook values. This
permits the Poisson ratio to be calculated.

—

=
no

Nt

= et AR
C %
Odmi

i=1,2

Values of v specific to each curve must be retained since
those for the cyclic toe are sometimes higher, i.e., Odo o<
S

40,1

Data for determining the stress relaxation exponent m
is obtained by abruptly stopping the testing machine head,
with load recorder gain increased by a factor of 10, and
observing the consequent load slackening with electrically
imparted time marks superposed on the strain signal. This
is usually done in a region of low strain hardening rate to
obviate errors from this source, noted earlier. A cross
plot of log stress decrement vs log time, provides a slope
of value m in accordance with Eq. (25).

K. Conversion to True Values

The load and diametral contraction data are con-
verted into true stress and true longitudinal strain using
the following formulas, which can be found in references on
low-cycle fatigue techniques. For clarity in this section
d and % represent diametral and longitudinal respectively.
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As previously noted the 2-subscript designation
for brevityof other equation formulations.
p represent elastic and plastic. The diametral strain is
first converted to "true" strain because the formulas whieh
follow are not valid otherwise:

is omitted
Subscripts e and

d dy + Ad 3)
€4 < J. %? = n &%) = mx(—ﬂjr———> (73)
dgy 0 0
(:d = Qn(l +€d) (7)4)
: Hich = Ag . g F % e
1ln wnicn €4 o which is the measured engineering strain.
o

The true stress is computed from the uniaxial load

o g B (75)
g = PIA = A s wf(d)
0 = op(1+eq)72 (76)

if which O is the measured
version of diametral strain
effected by considering the
separately

:14-

0y

engineering stress. The con-
to true longitudinal strain is
elastic and vlastic components

= (77)

Cd,p

in which 05 is the elastic modulus from the stress/diametral
strain measurement for the excursion (first or cyclic) being

considered. Therefore

= = o

E(lpz Gd & 00 (78)
For plastic strain only, Poisson's ratio v = 0.5, and

- émp -

Egp = —— = 264, (79)
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The longitudinal strain is similarly decomposed

(@)

(= i‘\»'(, + Z\v‘p :_E-_ 2cd,p (80)

Since the elastic moduli are related through the elastic
Poisson's ratio, Eq. (72), we can express Ea. (81) as

€= (1= 20) % — 2¢, (82)

Finally, the jinstantaneous slope, 52, of the true stress
true longitudinal strain curve is computed using the
following relationships:

5w B _ 46 95 (83)
d dCd d(:'d déd
fop
dc 20
] €qd e r'; (1 +¢q) (8L)
(1 +€d)" (l +€d)‘
04 207 0q

—(1+6d)_(1+6d)2_ (1+Ed)_26 (85)

in which 04 is the measured slope of the engineering stress/
diametral strain curve. From this quantity, 0y is com-
puted:

AR R G L R (86)
% =4, T 4%, Gy 38
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11. COMPUTER PROGRAM FOR GROWTH AND STRAIN RATE FACTORS

Table I provides a set of computational formulas about

which the computer program*was fashioned. Each step is
numbered so that the following comments can be easily re-
ferenced, although most steps should be self evident.
Generally, calculations pertaining to first eycle 5
ordinary tensile properties are on the left of the table;

cyclic properties on the right.

Step 1) converts nominal stress to true and

extreme right provides the centroid normalized cyclic stress
o 2
2A
Step 2) converts to true strain hardening, still
diametral.

Step 3) converts to true longitudinal elastic plus
plastie strain hardening.

_ Carrying on through Step 6} twol lists of true stress
(01, 2A) true strain hardening values (Ol, Dz)versus true,

R-adjusted strain range (AEl, AE2) are established. However,
their strain-wise positions do not necessarily coincide, and
in order to proceed ith the addition in G(N) , we must
achieve this coincidence. It would be possible to inter-

on one set with respect to the other, but for greater
uniformity and accuracy in a subsequent interpolation, we
interpolate both AE; and A€, bases with respect to a third
station set — a geometric series with intervals of log-
arithmic spacing of 5%, and a strain range which covers that
of these materials. That operation is given in Step T), and
the interpolation is carried out in Step 8). It is helpful
to note that interpolating for g or O by addressing the Ae
1ist results 1n_values which correspond to an Emax value
equivalent to Ae/(1-R). Conversely, if one interpolates
on the & list, values of o and ® would correspond to
R-adjusted strain range, A€ values.

Step 9) adds the centroid neutralization strain to the
measured longitudinal (trwe) strain. However since this
correction differs between the two sets for R < 1/3, it is
necessary to interpolate again to realign the stations at
which the summations are to occur. Step 11) specifies this.
Step 12), removal of the elastic part of the strain harden-
ing creating a singular point, is done here, after the
interpolations, since linear interpolations suffer in
accuracy when approaching a singularity.

Step 13) is the answer line, the two growth factors
Gp/1 and Gp needed for the mapping, which is specified in
step 1h4).

* Available from authors on reguest.
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Steps 15) - 18) pertain to calculation of G; and
triaxially augmented egj. Since it is not to be added %o
that from another data set, we simply compute and plot these
at the measured-data strain stations. The strain e1x at
which G; goes to infinity should correspond to KIc in the
data match.

Steps 19) and 20) detail computation of the strain rate
map S. For this paper, strain rate maps were plotted
manually, although as time permits we will computerize these
as well. OQOur maps were computed only for the cases R = 0
and R > 0.33 to obviate the task of producing a different
map for each R level when R < 0.33. Once automated, strain
rate maps should be paired to the G (N) maps in a single
computer run for the exact wvalue of R.

12. "DE-LUDERIZATION" PROCEDURE

In this model, any tensile strain hardening rate less
than zero, or true rate less than T, signals an infinite
growth rate fTactor. This occurs ostensibly around the yield
point of lower strength steels, where it is associated with
the upper yield point and "delayed yield" phenomenon. In
Bucci's stress-corrosion cracking data of a highly tempered
L340 steel [32], the trend in growth rate, an early peak
corresponding to the lower yield or Luder's strain, was
observed. However, we have not seen this effect in cor-

rosion fatigue data on it and other softer steels. We have
not, in fact, been able to reproduce the Bucci observation
in SCE. However, in the transitional state associated with

G2/l’ it is likely that the upper yield effect would be
erased or "unlocked" by the cyclic exercise of the material.
The lower yield plateau is diminished by the proliferation
of multiple simultaneous bands [33] which such exercise

would promote. Accordingly we assume that it is absent in
the crack tip ligament. To remove it from the measured
curve we follow a procedure used by Holloman [341. A plot

is made of the log of true stress vs strain values from the
data sets. A straight line is fitted through the points
beyond the Luder's band region, with slope measured to
determine n, the strain hardening exponent. We measure the
stress T, at Ty = L7 strain. _Then other stresses T can be
computed at arbitrary strain e from
ST
7 = o [ 87)
0\% (87

and by differentiating Lq. (87) the true strain hardening

)¢ i

- na G

0, =——€Z—(C.—o> (88)




TRUE STRESS o (GPa)

I I T S
e e =———
- 5 Ni STEEL n = 9.0% _
(100 ksi) X-65 STEEL n = 25%
0.5 ' ]
L]
L | _
| _
02 } |
4%
I l l | Lo
1 2 5 10 20

STRAIN 2¢, (%)

Fig. 3 — A straight line fit of a logarithmic plot of true stress vs strain, of
slope n, provides an equation for use in the Luder band region of the me-

dium strength steels of this study

33




o i '
i b)
- \ WITH UYP

= I
2 &
& |
» |
Ll |
il
| \
! o g \
STRAIN | — /
= - e ————— e
E c) Fd)
“DELUDERIZED" f HYBRID
i
N=15 ! |
10 L N-15
F 13 ¥
s 12
3
1 7
S0 - 10 " :
(T : E e
s 3 / } /
w
B [
<
(-4 r +
o
g
g t -G, ONLY :
f 7 ;
7
il 7
/
/ [
10° 102 10? 102
STRAIN —— STRAIN ——e

Fig. 4 — The “de-Luderization” procedure includes (a) stress-strain curve for
X-65 steel with upper yield point in first (quarter) cycle; which (b) con-
verted directly to growth rate factor maps shows singularity; while (c) con-
verted via equation from Fig. 3 is continuous; whence (d) combined front
from (b) and rear from (c) provides G(N) map used
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Plots of this sort are shown in Fig. 3 for the three steels
of the present study, in order of decreasing strength:

L340 steel tempered at 1000°F; 5Ni steel; and X-65 line-
pipe carbon steel. The resulting G(N) parametric curve
set for X-65 is shown in Fig. L4, comparing the "unretouched"
set with that from Eds. (87) and (88) for an n = 0.25., The
result of this is the "hybrid" set, the front end of the
normal plot joined to the back end of the constitutive
equation map. It is fortunate that for steels, which are
prone to delayed yield effects, the parabolic hardening
rule, Eq. (8T), generally fits rather nicely and indeed the
two sets of G(N) curves superpose closely beyond the
Lider's strain region. "N" values for the parametric curves
are noted thereon.

13. COMBINED GROWTH/STRAIN RATE MAPPING

The "de-Liiderized" X-65 provides an example for com-
bining the two maps. Fig. 5, lower left, shows a para-
metric strain rate curve set for this material.

The lines of -1 slope toward the top reflect dominance of
strain rate due to propagation, Aa control, turning downward
at low propagation rates where the strain rate due to crack
loading AK controls. The crowding ofthese lines to the
right is produced by deducting the elastic strain in

Eq. (6L). The "de-Liiderized" G(N) map from Fig. 4 is
shown at upper left, with the two superposed at central
right. It is possible now to form a third set of para-
metric lines by joining the upper-right to lower-left
trapezoidal apexes with diagonals, as shown in this figure.

A, Curves of Constant Strain Rate/Surface Attack

The significance of these lines can be explained as
follows. They represent lines of constant M-N (or -(N-M)).
Recall from Sec. 9. A. Eg. (68) that the strain rate para-
metric lines represent constant

Ag. === (89)

where

while those for growth rate, Sec. 8. A., Eq. (61)

e = 9N x 10-3 (90)

L
2mdyp On (1 + >y
L
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Dividing (89) by (90), and rearranging

A€ €
—L B 400 9 M-N
Ar'r \5 . (“ (91 )
mdp n (1 + —
L
This means then, that lines of constant M-N are of constant

plastic strain increment relative to the surface annihi-
lation increment, or alternatively, of constant plastic
strain rate relative to surface annihilation rate. These
two manners of description are thought to be relevant to
the two frequency - independent loci of CFCP data, respect-
ively: of ‘the air growth curve; and of the onset of

Stage II CF augmentation with respect to frequency. Dis-
cussion on this point will follow the case studies.

14. PROCEDURE FOR COMPARING MAPS TO DATA

Several sets of CFCP data will now be compared to the
model predictions. In each case data sheet provides a
tabulation from ordinary and cyclic stress-strain curves.
The data has been processed to obtain true longitudinal
values to facilitate comparison with data by non-diametral
strain measurements, which are the more customary (and in
fact to be preferred). Other necessary and/or useful infor-
mation on the material is also tabulated. The figures are
arranged to show the combined parametric curves of the N
series, M series, and N-M series for each R-level on the
left. Then the nearest fitting in N, and N-M curves are
draw on the CFCP data to the right. Functional values
estimated to best fit the data are recorded on the data
sheet as part of the resulis, which includes also the
value of dp at the match position. The characterizing
indexes are reduced: N value to Arp and N-M to Arp/ArT
using Eqs. (90) and (91) respectively.

15. MODEL ORGANIZATION FOR TITANIUM-6A1-4V

This alloy has received much CFCP evaluation because
of its extensive utilization in aerospace applications,
with attendant concern for environmental degradation. Thus
we have a variety of results to model.

A. Irving and Beevers, Vacuum, R-effects, Fig. 6

Irving and Beevers [10] compared CFCP data for a
mill-annealed product and two special heat treatments. The
martensitic condition, quenched and tempered, is only
slightly harder than the mill-annealed material from Fitz-
gerald and Wei used for our tensile data. The correlation
of Go(R) vs Beg plots for their R-levels 0.12, 0.35, 0.61
is fairly satisfactory, and their observed R-insensitivity
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above R = 0.35 indicated. Only the basic GP(R) plot is
shown here since the environmental effect is absent.
PFitzgerald and Wei, Air R-effects, Fig. T. i

s

'his data (Ref. 12) was an enigma for the long ti
in which we sought to match it with constant-N curves. At
constant N-M = 9 all principal features seem coherent. G
maps are shown for R-levels covering the range of the data,

void extreme crowding not every one, as indicated
on Fig. 6. For the highest load ratio, R 0.9 the G maps
lie at the extreme lower limit of strain rate map defini-
tion. Here the parametric curve for an N - 1.5 seems to
t the data. Accurate prediction in this region requires
extreme sensitivity and accuracy in the yield point region
»f the stress-strain curves, which is lacking in our

I

n

present experimental technique. Nonetheless, the present

prediction in the AKpy region is quite encouraging.

)i Pettit, Krupp, Ryder and Hoeppner, Salt Water CFCP,
Fig. 8.

Again using the flow data from the Fitzgerald and
Wei sample, this data [15] illu s the leveling of
"Stage II" growth with cycle time, well modelled, and a
moderately "swept-back" entry profile of onset of Stage II.
The crossover of curves in transition from Stage II drops
down from one to the other once the €./V, limit corres-
ponding to N-M = 15 is exceeded. An R-m"or +9, the same as
with the Wei data on this alloy, appears to fit the air
data and establish an lower-bound envelope for the Stage II

growth.
16. MODEL ORGANIZATIONS FOR TI-8AL-1MO-1V

The material for our stress-strain curves was obtained
from the plate used by Meyn. Bucci's specimens were also
from this heat, also provided to him by Meyn.

A. Meyn's Classic Case of CFCP, Fig. 9.

Meyn's work [36] was first to show the now-familiar
trend in CFCP behaviors. The Stage II threshold appears to
be definied by a constant N-M = 13.5 contour, which differs
from the subsequent Bucci result.

B. Buceci R-effects in Argon and Salt Water, Fig. 10.

Bucci's growth rates [1L4] show an up-trend in Stage
ITI growth plateaus with increasing R, an attribute of the
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model. The argon data at both R = 0.05 and 0.50, all that
is published, is matched by the same N-M = 10.5, which is
the same value as for Meyn's air data. The lateral trans-
lation of these curves, vs the tight overlap for the Ti-
6A1-4V (Fig. T) is expected if the N-M for the gaseous-
environment effect is high, as appears to be the case here.
The onset of Bucci's stage II growth appears unlimited by

an N-M contour, matching instead the natural contour of the
$(G(N)) curve for N = 10.5. This data is extremely critical
of model calibration, its digestion providing many insights.
The irregular excursion for low M sets of the %D/f maps is
attributed toinaccuracy in converting diametral to longi-
tudinal strains in the region around the elastic limit.

This is another reason for favoring longitudinal strain
measurements for these predictions.

17. MODEL ORGANIZATION FOR ALUMINUM 2219-T851

A. Unangst, Shih and Wei [35], R-effects in Air,

Pig. 11.

This is the only aluminum alloy included in the
study . It is included to show the one case which we have
been unable to model satisfactorily. We have successfully
modelled a number of other gluminum alloys. The reascon for

this exception is unknown to us. The FCP data is curious
in that it appears to exhibit no definable stage II region,
to connect the FCP data to the AK - Ki. region.

18. MODEL ORGANIZATION FOR FERROUS ALLOYS

We reanalyze by the present methodology previously
published NRL data of Krafft and Smith (6] on L4340 steel
of four tempers. To continue the coverage to lower
strengths, CFCP data on a 5Ni steel and carbon steel line-
pipe have been analyzed.

A. 434L0/L00°F Temper, CFCP data, Fig. 12.

A satisfactory match, and, for the first time, a
rationale for the air data with an N-M = 13 for a lower
growth rate limit.

B 4340/600°F Temper CFCP, Fig. 13.
Here again, a reasonable fit. The 10"T torr data

of Gallagher [37], inserted, is not quite as slow as the
prediction for this material, although it approaches it.
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¢. L4340/800°F Temper CFCP, .Fig. 1k.

Now with air effects less severe, the (N-M = 11.5)
air limit is seen to fashion the lower limit curve of
frequency dependent "constant-N" growth.

D. 4340/1000°F Temper CFCP, Fig. 15.

With this high degree of tempering, the upper yield
point effeect is restored. In the analysis it has been re-
moved by the "de-Liiderization" procedure described earlier. .

E. CFCP data of Gallagher and Ryder [38] and of Cares
and Crooker, [39], on a Bteel, Fig. 16.

This material is rather stable in salt water, but
apparently somewhat susceptible to excessive cathodic
polarization. Because of its low susceptibility, relatively
long cycle durations were required to show a measurable
effect. '"De-Liiderization" was required here. ‘

F. X-65 Line Pipe CFCP Data of Vosikovsky, Fig. 17.

The curves, shown to illustrate the de-Liderization
and strain rate mapping in Figs. 2, 3, and & is overlaid
Vosikovsky's data [40] in salt water, and in salt water
with a closely coupled zinec. In the salt water the match
is fairly satisfactory. However, with the zinc coupling,
the air-line profile prediction lies at higher growth rates
than measured, which then is also higher than the Vosikov-
sky air data, not shown. Vosikovsky employed a triang-
ular, rather than sinusoidal, loading waveform. If one
were to compensate for this by reducing the value of
tn(1 + tg/ty) by a factor of two, the match would be greatly
improved. However this step is questionable since FCP data
on similar steels using sine wave loading is consistent with
the Vosikovsky air data. Also it is difficult to under-
stand how the triangular wave form could have been main-
tained at the higher loading frequency of the air data.
Regarding waveform effects, this model has no explanation
for Vosikovsky's observation of reduced CFCP rate with
square wave loading. Here a greater value of 2n(1 + tH/tL)
would be expected, leading to an increased CFCP rate.

Data of Dawson and Pelloux [8] on Ti-AA1-6V-25N does indeed
show the expected upward trend.

It should be noted here that it is not anticipated
that this model, as presently constituted, will be appli-
cable to CFCP in softer alloys. This limitation is assoc-
iated with greater spacing distances between strength-
controlling microconstituents, so that these distances
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become comparable to the size of the fracture process zone,

drp. In mild steel, this is associated with control of frac-
ture by properties of the matrix, alpha-ferrite in this
case. Since the ferrite is softer and more ductile than the

overall material including its strengthening carbides, the
fracture resistance tends to be greater than predicted from
plastic flow measurements on macro-specimens which reflect
the overall rather than matrix properties [L41].

This model has been set up with no correction for crack

closure effects. It does appear that introducing such an
influence could provide a closer fit for the softer steels
reported here,. This is 8 matter for further study.

19. SUMMARY GRAPH FOR "ORGANIZED" DATA

It is proposed that a great deal of information about
CFCP behaviors can be summarized in a simple, yet highly
definitive way once the three modelling parameters are
ermined. The graph of Arp vs cyele time, Fig. 18, shows the
degree of frequency-dependent cracking. Generally in mate-
rials fatigued at AK levels below the KIscc threshold, the
Arm/t curves should eventually level out as VS A
X-65 and 5 Ni steel, both of this description, appear to be
so leveling. The wvalue of the Arp crossover at the one-
second cyecle ordinate is a measure of V., the surface
annihilation rate. Cases where Vg has Eeen determined from
stress-corrosion cracking measurements can be associated
with the one-second crossover point as shown on Fig. 18 for
Ti-8-1-1 from Sullivan [42] and for U43LO from Ref. [6].
Values of the size and strain rate/corrosion rate parameters
are shown in Table II. It should be possible to reconstruct
and extend any of the data sets used here, and presumably
others, with these few characterization parameters, plus
appropriate stress-strain data.

he

20. MODEL COMPARISON WITH POOK'S AKqpy(R) CCLLECTION

There is considerable practical importance to the
question of the load ratio effect on the threshold for FCP;
in fact there is some question as to whether one exists.

The way this model-attempt has evolved would suggest its
existence, inasmuch as a truly elastic limit of the material

exists. Roughly the model predicts a minimum threshold
value proportional to OYS/QE gt R = 1, this 1imit due Lo
the centroid neutralization effect. It reaches a value

3°YS/2E at R = 0 when the elastic yield strain has been
added. If the value of dp is known, the threshold can
indeed be directly calculated

41




RIUEP VS —

MATERTAL : TI - bAL - 4V {MA}

REFERENCE : A. PETTIT EL AL. REF 15, FIG. &
. FITZGERALD AND WEI. REF 12 » FIG. 2
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MATERIAL : TI - 8AL - 1M0 - WV {MA}
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MEYN, REF 3t , FIG. 9
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tempers is shown in the next four figures.

Here the hardest condition,

205°C tempering, appears nicely bounded N-M = 19 for upper frequency-
independent limit, 13.5 for the lower one, with various constant-N lines
fitting stage II data in transition there.
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4340 STEEL (AUENCHED AND TERPERED AT La0’F)
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Fig. 13 — G-map vs CFCP data for 4340 steel as in Fig. 12 but for tempering at
315°C. FCP data of Gallagher is much lower than NRL data for air but not
quite as low as present prediction for m-induced growth, the Gy-only line.
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0
MATERIAL : 4340 STEEL {QUENCHED AND TEMPERED AT 800°F}
REFERENCE:  KRAFFT AND SMITH. REF by FIG. L4

NOMINAL CHEMISTRY uT. PCT. {FROM REF L}

¢ 0.40 S 0.0 FE  BALANCE
My D.72 (R D.82
SI 0.3 NI 1.85
P 0.0} M0 0.22
MECHANICAL PROPERTIES
= 1250 KPA v = 1370 KPA g =-1450 KPA e 0.1)
'YS _ 181 kST TUS = 1a9 ks1 &S - - 210 kst
- 20L.7 MPA =-bSU.b MPA | =-bS- TP f = 0.0053
3 20
. 30000 KsT 10 __q5000 KsT =-95000 KSI
FIPST EXCURSI@N DATA FULL=CYCLIC EXCURSI@N DATA
N STRAIN STRESS TRETA N STRAIN STRESS THETA
(MFA) (XKST) (MFAR) (KSD) (MPA) (KSI) (MFA) (KS1)
I 0.000 ) 0.0 329000 48000 1 =04007 =1378  -200.0 327000 47000
2 0.005 981 14244 329000 48000 2 -0.001 -965 =140 327000 47000
3 0.-00€ 1210 17547 73700 10700 3 0.001 -635 -92.2 3217000 47000
. 4  0.007 1267 18349 1920C PR00 4 0.002 -3245 -50.2 317000 46000
s 0.008 1275 18541 11200 1600 5 04004 -117 “17.1 231000 34000
&  0.010 1251 18745 10500 1500 6  0.005 0 0.0 228000 33000
7 0.012 1308 18945 10500 1500 7 0006 200 29.2 159000 23000
8  0.014 1231 19343 7360 1070 &  0.007 332 28.3 128000 15000
9 0.016 134R 19547 5100 740 9  0.008 430 625 90300 13100
10 0019 1358 19741 2140 €00 10  0.009 528 7647 69700 10100
Vi 0e023 1370 199.0 3810 50 11 0.011 605 87.8 53200 7700
1?2 0.02€ 1377 200.0 3120 a0 12 0.012 668 97.0 42500 6200
13 0.033 1398 203.0 2940 430 13 0.014 718 1043 38200 5500
14 0.03R 12413 20541 1970 290 14 0.016 189 11447 30200 4400
1S 0.043 1420 206.2 1630 240 1S5 0.018 847 1230 24500 3600
16 0.053 1442 209.2 1650 540 16 0.022 9as 13548 1 €600 2400
17  0.064 1457 21145 1460 210 17 0.026 588 143.5 12700 1800
I8 0.074 1464 212.6 894 130 18 0.031 1035 15043 11000 1600
19  0.084 1472 213.3 268 66 19 0.035 1075 15640 80RO 1170
20  0.039 1100 1598 7280 1060
21  0.043 1126 16346 €120 890
22  0.0a7 1153 1674 5590 810
23 0.052 1180 1714 4930 710
24 0.057 1201 17442 4180 €10
25 0.068 1235 179.4 3510 S10
26 0.078 1271 18445 2850 a10
27 0089 1306 18947 2600 380
28  0.099 1328 192.8 1980 290
29  0.110 1343 194.9 1630 240
30 0.121 1357 197.0 1360 200
3t 0.131 1356 19648 548 80
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RESULTS
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1
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] e 0 8 1.38 18 ~0709
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Fig. 14 — G-map vs CFCP data for 4340 steel as in Fig. 12 but for tempering at
427°C. A marked decrease in the level of stage II growth rate is evident here.
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MATERIAL :

REFERENCE

NOMINAL CHEMISTRY

4340

- 1000% TEMPER

KRAFFT AND SMITH. REF b, FIG. 15
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MECHANICAL PROPERTIES
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W= 20N IrADWY—
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oW u
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sl
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= 20b.? MPA
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Fig. 15 — G-map vs CFCP data for 4340 steel as in Fig. 12 but for tempering
at 538°C. The G-map has been prepared by the ‘“de-Liiderizing” process to
remove the upper yield point effect.
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MATERIAL : FE - SNI+ {CR+ MO+ V}. QUENCHED AND TEMPERED

REFERENCE:  A. RYDER AND GALLAGHER. REF 38, FIG. 1h
B. CARES AND CROOKER. REF 34, FIG. 1t

NOMINAL CHEMISTRY YT. BCT. {FROM REF 38}
NI 4.90 MN 0.0 SI 0.27
(R 1.5? € Dk FE  BALANCE
mo  0.50 P 0.0
v a.07 S 0.008
MECHANICAL PROPERTIES
.= 953 KPA ) = 1030 KPA 1 =-1102 KPA y = 0-08
¥
S < xSt TUS - 48 kst CUS - _ypp kst
- = 203.3 MPA =-523.L MPA =-523.L MPA n = 0.0077
4 = 29500 KSI 10 =-76000 KSI c0 =-76000 KST
FIRST EXCURSIEN DATA FULL-CYCLIC EXCURSIEN DATA
N STRAIN STRESS THE TA N STRAIN STRESS THE TA
(MPA) (KS1) (MPA) (KSE1) (MEA) (KS1) (MFA) (KS1)
1 0.000 0 0.0 262000 3E0CC 1 -0.005 -1102  -1€0.0 262000 3E00C
2 0.001 344 501 263000 38000 2 0.000 -737  =107.1 262000 O
3 0.003 607 RR.2 263000 3806C 3 0.001 -490 -7l 262000 IRCO0
a 0.0Ca Ral 122.4 97400 1410C a 0.003 -23a4 -3a.l 245000 36CCO
S 0.005 933 13545 31300 4500 S 0.004 o 0.0 221000 32000
i 6 0.006 948 1377 18200 2600 6 0.005 207 30.1 190000 2ROO0
7 0.007 970 140.8 8050 1170 7 0.006 398 ST7«R 132000 19000
y g 0.005 S82 1426 3890 S6C R 0.008 S90 RSe7 76700 1110¢
; 9  0.011 988 143.2 2130 30 9 0.011 75 1035 43600 £200
10 0.021 1005 145.9 1490 220 10 0.013 184 1138 24300 360
11 0.031 1026 14349 1760 260 11 04015 §27 12041 18200 20
12 0.042 1043 1515 1780 260 12  0.020 298 1304 FE €0 1290
13 0.052 1061 15401 1630 240 13 0.025 938 13642 28 40 700
la 0.062 1076 15642 1500 220 14 0.030 S64 14040 2350 €a0
1S 0.072 1091 158.4 1380 200 15 0.03% 987 1433 3230 a
16 0.083 1104 1604 1250 180 16 0.045 1011 14648 2000 290
17  0.093 17 162.2 1120 160 17 04056 1029 149.4 1530 22C
1R 0.104 1129 16349 10€0 150 18  0.0€66 1043 151.5 1180 170
19  0.114 1138 16542 592 144 19  0.076 1056 153.4 1130 160
20 0.120 1140 1655 921 134 20 0.087 1069 155.2 1070 160
21 0.097 1079 15646 1010 15C
22 04108 1050 1582 1020 150 ]
23 0.119 1100 159.7 987 143
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Fig. 16 — Two data sources on a 5-Ni steel are compared with a G-map for
a low R-value = 0.1. In both cases the lower bound is matched by curves
of G4 only, indicating a negligible effect of the air environment. The upper
CFCP rate bound and transitional curves are as in preceding figures.
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MATERIAL : X-bS LINE PIPE STEEL
REFERENCE VOSIKOVSKY. REF 40, FIG. L7

NOMINAL CHEMISTRY WT. PCT. {FROM REF 4O}

(s 0.-% NB 0.031
AN L.34 S 0.009
SI 0. FE BALANCE
v 0.04%

MECHANICAL PROPERTIES

= 448 KPA = 572 KPA . =203 KPA y =015
Y TUS
S - LsksI B - a3 kst S 02 kst
= 199.8 MPA =-496.1 MPA =-399.b MPA M = 0.00&3
£ - 29000 KSI 0 - %2000 KsI 0 __sa000 KsI
FIRST FXCIURSIGN DATA FULL=CYCLIC EXCURSIGN DATA
N STFAIN STRESS THETA N STRAIN STRFSS THF TA
(MPA) (KSD) (MPA) (KS1) (ME2) (K<) (mre) (KS1)
1 0.000 0 0.0 248000 3é0c0 1 -0.004 -72a 1080 220000 32000
2  0.00! 2135s 40.0 248000 36000 2 =0.000 -68S -100.0 220000 32000
3 0.002 400 S8l 45900 €700 3 0.001 -551 -50e1 220000 azeoe
a  0.003 43% £3.2 25300 31700 4 0.001 -a12 £ 220000 32000
S 0.004 449 €542 $7170 1420 S 0002 -276 -a0.1 200000 £2900C
6 0.005 457 66473 1250 190 6 0.003 -13r -2Ce1 1F£000 27000
7 0.006 457 tboa 457 66 7 0.00a 0 0.0 1- €000 24000
b &  0.008 as| 6545 451 6E £ .rns 114 1646 138000 20000
9  0.010 ase 6547 452 66 S  0.006 2a9 6.2 REE0D 12e0C !
10 0.016 a54 6640 455 13 10 0.007 212 45.3 71500 10400 i
1 0.021 45€ €6.3 556 €7 1 0.0C8 352 S1.4 48100 7000
12 0.02¢ w€6 €747 1580 230 12 0.005 179 6.5 26400 $300
13 0.031 41s 6541 3450 510 13 0.010 a1 2.k 2RR00 4200
14  0.041 50$ 739 3180 460 14  0.012 27¢ ER.E 17200 2500
1S 0.051 S1¢ 77.8 2590 R0 1S 0.014 s02 73.0 13100 1900
16  0.06) 563 R1.8 2130 10 16 0016 24 762 9410 1370
17 0.072 SFa £haeB 1870 210 17  0.01F 519 T84 7350 1070
16  0D.082 597 BE.8 1500 220 I8 0.020 555 RO 5500 £00
19 0.093 6110 fE.8 1230 1RO [ 0.022 566 €243 4610 670
20 0+103 €22 90.3 985 143 20 0+024 $71 F2.9 3990 580
21 0«114 €32 5143 953 138 21 0.029 558 €54 2760 400
22 0.124 €43 93.a 93€ 13€ 2?2 0+03a A0S R7e9 1€ 70 2C
23 0+135 €54 94.9 912 132 23 0.019 612 AR.9 1560 220
?a 0146 665 96+5 850 123 24 0«04a €19 RS.9 1110 16C
25 0157 672 97eh 18 4 11a it 0055 €27 910 TES 112
26 0.167 6F 3 9942 721 105 26  0.065 624 5241 €34 52
) 0178 €51 1003 1€ R9 aa 0.070 €36 S2ea SEE R2
28  0.189 654 1008 547 79
GRAPHICAL REFERENCE POINTS
) - ygk-2R \ - 1g72-700 : N
| OEL | 'R
REF - 13.57 K'REF _ ooass EF - 3915
RESULTS
ENV FREQ R N Aty N-M Mep/brg dg
{HZ} {nm} {umd L {umd
A 10 0.2
Sw 1.0 0.2 )
.1 0.2 1L 0.9 W.5 -Yee 6.0
0.01 0.2 13 83.9
SW+ZN 0.1 0.2 10.5 .8 b -149
0.01 0.2 13 83.7
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Fig. 17 — CFCP data on X-65 steel is roughly matched by G-maps developed in
Figs. 3, 4, and 5. However, this strength level is thought to violate the lower limit
of applicability of this model as presently constituted without reckoning for crack
closure effects, and/or microstructural vs dp size effects.
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Fig. 18 — Data organization is proposed in terms of this log plot of Arq vs
cycle duration 7, plus the A€, [Arp values (N-M indexes) defining frequency
independent limits of Table II. Here the one second intercept is compared
with Vg estimates in stress corrosion cracking experiments. A 1:1 slope de-
notes constant Vg.
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Such a trend line, normalized with respect to AKTu at R = 0
is compared in Fig. 19 with the extensive AKCor AKTH
collection of Pook [L3]. The Pook data is normalized with
respect to the AKpy intercept for R = 0 of a regression
line fitted through his data points. This is done to
reduce the error of normalizing to a single measurement
value. Alternatively, one might normalize to the inter-
cept at some intermediate R value, such as R = 0.33 where
the centroid neutralization effect vanishes in this model.
Also at higher R-levels, effects of crack reclosure are
expected to cease, This model does not include reclosure
effects explicitly, except that due to the centroid neutral-
ization effect. In general the model prediction is not
inconsistant with Pook's data. From an engineering view-
point, however, it is discouraging that none of Poeok's
materials, with the possible exception of his 60-40 prass,
show a trend favoring that expected for no environmental
effect, the vacuum line of Fig. 19. Is there no alloy
ondition, heat treatment, ete., which obtains an R- in-
sensitivity for the air environment?

21. MEANING OF STRAIN RATE/CORROSION RATE CONSTANCY

The meaning of a growth rate threshold controlled by =a
fixed ratieo of local strain rate to surface corrosion rate
is not altogether clear. The data base is limited and in
need of further corroboration. However, assuming that
this will be forthcoming, it is interesting to speculate
on possible mechanisms.

There are two threshold contours to consider. The
upper one, the locus of Stage II growth augmentation,
could well be a rate controlled process. Here one might
regard the strain rate of the d,-ligament as a means of
producing fresh, nascent surface, by the emergence of dis-
location steps at localized regions at its surface. The
rate of supply of fresh surface via the strain rate is
augmented by the environmental attack, which induces
growth, hence strain rate. But this appears to be a stable
process. There is a self-stabilization inherent most
corrosion processes. Corrosion produces inert waste pro-
ducts which tend to seal off the surface under attack,
hence slow the process. ©Since the corrosion is self-
generating of its "fuel" in the sense that nascent metal
is fuel, one might expect that the self-impedance of the
supply of fresh surface might prove unstable in the
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negative sense. A bit of surface fouling slows the attack
rate, hence the crack growth rate, hence the strain rate,
hence the supply of fresh fuel, hence the attack, etec.,etc.,
until the process is cut off, In this way, even though the
oxide film is not impervious, still an absolute cutoff

might be reached at a particular level of strain rate
relative to corrosion rate.

The lower contour is the frequency independent air
line. The parametric line of constant A€ /ArT is frequency
independent. Wei [L4L] sees the initial air-oxidation of
clean steel surfaces to be extremely rapid for a monolayer
or so: then .stop. Presumably, then this puts a limit on
what we call Arp, which then limits AEP. The rationale here
is not too satisfactory at present.

22. MICROGRAPHIC EVIDENCE FOR THE dqp PROCESS ZONE

There have been some published investigations in which
or from which a calculated dp from Eq. 2 can be compared
with quantitative microstructural or fractographic measure-
ments. The most reasonable parameters are the fractographic
dimple size or spacing and the inclusion size or spacing.
Such data of which we are aware is listed in Table III and
crossplotted in Fig. 20. The trend is positive although
far from quantitative. Actually the departure of the trend
from a 1:1 mateh, in Fig. 20, is a relatively small effect.
Thus adding about 1 um to each process zone size calcul-
ation, as a fixed correction, would shift the slope to that
expected. Even if perfect, the d, fractographic dimple
size correlation would say nothing of the numerous non-
dimpled fractographic features associated with high cycle
fatigue and stress-corrosion cracking. It can be argued
[L5] that the instability event, which controls the rate of
the fracturing process, could be followed by a separation
process which tends to obliterate the evidence for such a
stage. At the present time, the more definitive way of
determining the dp quality index is by data vs G-map
matching procedures.

CONCLUSIONS
The following are indicated by this study.

A, It is possible to track CFCP data with a double
set of parametric lines. The first of these represents the
frequency dependent growth. It is derived by summing a
transitional growth rate factor to that basic to vacuum
fatigue. The other is derived from the first, overlaid
by a map of the strain rate at the crack tip due to crack
loading plus crack propagation. This provides loci of
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constant ratio of strain rate to surface attack rate.
These loci matech CFCP trends in air, and the threshold of
Stage II growth in aqueous environments.

B. A minimum-parameter characterization scheme results
from these considerations. It involves finding the members
of the two parametric families best fitting a particular
data set. Such characterization appears to provide a
useful predictive capability for estimating effects of
CFCP.
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APPENDIX
ILLUSTRATED SUMMARY OF NRL MEMO REPORT #3505

s Corrosion fatigue crack propagation, CFCP, is fregquently
implicated in mechanical failures of machinery and struc-
tures subjected to frequent loading fluctuations in opera-
tional environments. However, CFCP behaviors vary so
markedly with material, environment, load ratio and fre-
quency that engineering estimates of its course are impre-
cise, and data required to refine predictions costly. This
report describes improvements of a model relating CFCP

to Engineering mechanical properties - ordinary and cyclic
stress-strain curves - by which many hitherto anomolous
behaviors are reconciled. The new method could improve
accuracy and reduce cost of safe-life predictions for
engineering structures.

2. Developed here is a connection between the strain rate
of material at the crack tip and CFCP. It is found that the
plastic strain rate in the loading cycle time must exceed a
level commensurate with the total corrosive activity in the
cycle before the environment can affect crack growth. Thus
the threshold of corrosion-fatigue augmentation, generally
a large jump in crack growth rate, hence decrease in "safe
life", is defined by a locus of constant ratio of crack-tip
strain rate to crack-tip corrosion rate. Parametric maps
of such loci, readily prepared from stress-strain data,
provide a useful means for characterizing CFCP behavior.

3. Briefly this summary reviews concepts of the earlier,
basic model, which provides crack-growth rate-factors for
the limiting cases of dry vacuum fatigue and of stress
corrosion cracking. A hybrid growth-rate-factor is then
developed and combined with growth-factor parametric
mapping to define the frequency independent growth rate
limit of CFCP. An example of model-to-data comparison
illustrates the manner of presentation of the numerous case
studies of the full report.
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L. The hypothesis of this model is that cracks grow to,
and only to, that extent required to maintain a constant

load condition within a small fixed distance from a crack

Lo 0 1 Examining this proposal leads to two basic questions:
firstly, how is the constant-load condition maintained in
ordinary uniaxial tensile deformation; and secondly, how
can crack growth serve to maintain it in the context of the
corrosion fatigue environment? Consider now these ques-
tions dn,. turn.

NEGATIVE P/A
POISSON —
RELAXATION

CORROSION

i
LOAD MAINTENANCE

~ POSITIVE
" STRAIN HARDENING

T

STRESS
BALANCING STRAIN
STRAIN —
Fig. A-1 — Load partials
e In the ordinary tension test of a material, free of an
upper yield point effect, constant load occurs in the max-
imum or ultimate tensile stress region. Here, Fig. Al, the

strain hardening rate, as a strength partial, has decreased
to a level too low to compensate for load loss due to
lateral (Poisson) contraction, as an areal partial. Two
additional partials can affect crack tip stability: a
strength partial, stress relaxation; and an areal partial,

corrosion-like surface attack. Three of the four partials
are negative, hence reduce the load capability; only that
of strain hardening is positive. Since strain-hardening

requires straining, setting the sums of the four partials
to zero indicates how much strain is required to strike
this balance.
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Fig. A-2 — Strain from crack loading

6. Next we ask how such straining can be provided to "speci-
men material" within some fixed distance from a crack tip.
There are two ways. Fig. A2 depicts that due to crack load-
ing. Here we envisage a tiny tensile specimen as connected
to the strain concentration or singularity pattern associated
with the loaded crack. As load increases, so does the whole
pattern of strain concentration, hence so does the strain.
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Fig. A-3 — Strain from crack growth

T. Alternatively suppose load on the cracked body is main-
tained, while the crack advances towards a fixed point in the
material. Then,Fig. A3, our "specimen" coupled to the strain
singularity "ramp" is extended by the wedging action of the
advancing ramp. In balancing the load-partial equation for
CFCP, only the propagation strain of Fig. A3 is applicable
since the growth is executed after the load has been applied
to the crack. However the loading-strain term is needed to
estimate the total strain, hence strain rate, averaged over
the total cycle time.
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Fig. A-4 — Stress/strain — crack growth
8. We solve for a crack-growth relationship by combining

the growth vs local strain relationship, Fig. A3, with the
load maintenance vs strain relationship, Fig. Al, to obtain
a growth relationship, Fig. AlL. This is set up in dimen-
sionless form, in growth rate factors G which are propor-
tional to crack growth per cycle, and a strain Sep,. which is
proportional to crack loading or the stress intensity factor
excursion AK. The growth rate factor curves are specific

to a given material through its particular stress-strain
curve(s), hence its strain hardening behavior. The ordinary
tensile curve, denoted by 1 in Fig. Ak, is typically of

more acute yield point than the cyeclic curve 2; so corres-
pondingly is its growth rate factor G,. We regard G, as
basic, applying to it a prOportionali%y factor associated

with the stress-relaxation partial. Sustained load or
stress-corrosion cracking, on the other hand, is associated
with G;. For corrosion fatigue, a transitional growth rate

factor G2él is defined which employes the strain hardening
rate of the ordinary 1 (true) stress strain curve but the

stress of the cyclic 2 curve. Since the cyclic stress
envelope is lower and smoother, so correspondingly is Gf/l
Vs Gl only. We associate 02 1 with the corrosive partial

only, as an adjunct to the stress relaxation partial uti-~
lyzed in conjunction with G,.
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9. Three additional features of the new modelling should be

7

noted: illustrated by Fig. 2 of the full report.

&2 Firstly, a centroid neutralization rule is invoked,
whereby the cyclic true stress-strain envelope skews along
its elastic load line until its centroid of area rests on
the zero stress axis. For very low plastic strain, stress
excursions just exceeding the yield point, this is imposs-
ible without introducing compressive strain, which in turn
is an impossible effect of an elastic stress field collaps-
ing upon crack unloading. A slight additional tensile
strain, hence AK-offset, one-half the yield strain, permits
the centroid neutralization under these conditions. This
strain offset sets the minimum value of AK for the fatigue
propagation threshold, however high the load ratio R.

15)ic The second feature pertains to the disposition of
the cyclic envelope for R > 0. We assume it to be of the
same form as the full cyclic curve of reduced strain
excursion, but subtended from the profile of the full eyeclic
stress-strain curve exercised to the maximum strain.

¢e. The third feature, closely related to the second,
is that the strain gradient, the ramp slope for propagation
in PFig. A3, 1s assumed proportionael to the strain excursion
Aeg, not the maximum strain, Enay '
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Fig. A-5 — Combined growth sources

10. One doesn't know, prior to comparing G plots with crack
growth rate data, how much of the "corrosion partial" is
applicable to a particular material/corrosive environment
combination. How much involves a fitting parameter. To
provide a range of selections, we map out a parametiric
family of G curves, adding to the basic 02 an arbitrary
initial coefficient times G2/l’ Fig. A5. Then a second

plot is made with the arbitrary_ coefficient doubled, then
again times 4, 8, 16, etc. to 25, We call the sum  G(N) ,
and in data comparisons ask what value of N provides a
member of the parametric curve family best fitting the
growth rate data of a given loading frequency.
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Fig. A-6 — Combined crack-tip strain rate

13 The next step is to map out a parametric family of
curves of constant strain rate. This family, Fig. A6, is of
the same geometric-series base (two) and (log) coordinates
as the G(N) wvs Aey map of Fig. A5. Two limiting condi-
tions are observed. Strain due to a given amount of crack
propagation increases as the K-level, hence gradient steep-
ness, increases. Hence lines of constant strain rate due to
propagation slope down -1 in G(N) /Aeg space. However,
the loading strain, independent of crack growth, is a
function of AK alone. A base 2 family is a set of vertical
lines an equal 2X apart on log paper. We use only the
plastic part of the loading strain so that deducting the
elastic strain compresses this set to the right. The com-
bined loading and propagation strain rates joins these two
extremes. In the text, indexing integers of the strain

rate set are designated by M, those for the growth rate set
by N.
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Fig. A-7 — Growth X strain rate mapping
12. The next step is to combine "M" and "N" maps, by simply
superposing them as in Fig. AT. The loci of certain inter-
sections of these now obtain a special significance. Traces

of constant N-M (or M-N) indexes represent lines of constant
ratio of total plastic strain to total surface attack during

the loading cycle: Ae_ /Ar.. Relative to cycle duration
these are rates - plagitic strain vs surface attack rates:
ED/V"'
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Fig. A-8 — Mapping crack growth data

13. The fit of the combined mapping of Fig. AT to r
CFCP data is done by selecting those factors of prop
ality providing best fit of G/AeK to the 22/AK data.
fit requires selecting one parameter- the®Microstructur
size constant dn. Since dp affects both ordinate and
abscissa scales, its selection constrains the fit to one
degree of freedom: the reference point established on the
growth X strain rate map, Fig. AT, must lie on the refer-
ence line of the crack growth data plot, Fig. A8. Once dp
is obtained, we observe that locus lines of constant N-M
match the two 1requency-independent growth rate limits of
CFCP. The lower one in AK (upper in growth rate) appears
to define the threshold of Stage II growth, thiaonseb of

the frequency-dependent platcau region on the — wvs AK
plot, Fig. A8. Generally, a higher index N-M, means a
lower critical value of relative strain rate ¢ /VS’ which
corresponds to a lower and more steeply sloped AK 1line

for stage II transition. When the stage II transition is

unfavorable, i.e., of low €,./V., so generally is the upper

AK 1limit which corresponds with the air environment growth 3
profile.
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g To recapitulate, various anamolous behaviors of CFCP
are fitted by use of three characterizing parameters, taken
in conjunciton with tensile test data of each material.

The parameters are:

)

a. The process zone sizge dT, which locates in on
degree of freedom, the map on the data. It is Ghe era
distance within which the constant load condition is m
tained.

ek %ip
ain-

b. The surface attack per cycle Arm, associated with
the N index, for the growth rate curve of best fit to data
of a given loading frequency. In susceptible alloys, the
surface attack rate Argp °© £ = VS is typicelly a constant,
independent of frcauency; and

(53" The new parameter, the relative plastic strain
(rate) Ae /ArT = /VS associated with the N-M index.
Generally one value N-M pertains to stage II threshold, a
lower one to the air environment growth rate.

14. The efficacy of this three-parameter characterization
of CFCP is demonstrated by some dozen examples in the
report. They include many of the known anomalous behaviors
off CFCP. This success speaks of the opportunity to:

a. Analyse more cases of CFCP data with the improved
model; and succeeding in this

b. Convert the method into simplified engineering rules
and/or computer programs for safe-life prediction and
damage tolerant design analysis.
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OF ABBREVIATIQNS, ACRONYMS AND SYMBOLS

crack tip stress intensity factor, after Irwin
mode I, plane strain stress intensity factor

stress intensity factor excursion
Kr for onset off £ast Fracture instability or

plane strain fracture toughness
K1 for threshold of SCC

Fatigue Crack Propagation

Corrosion Fatigue Crack Propagation

Stress Corrosion Cracking, sometimes called
static-fatigue corrosion-induced crack growth
load on a specimen

Toad ratic, P

crack length
inerement in erack length in one cycle of

fatigue loading

frequency of fatigue loading
period of fatigue loading 1/f
time intervals of loading and load-holding of
a fatigue waveform

Vacuum Environment

Air

Inert Argon

Fresh Water

Salt Water (3.5% NaCl)

Key West Ocean Water

min/Pmax’ in fatigue

stress, true stress, stress rate respectively
yield strength at 0.2% offset
Ultimate Tensile Strength

Ultimate Compressive Strength

slope of stress-strain curve or tangent
modulus

Young's elastic modulus

Poisson ratio

stress-relaxation exponent

strain, true strain, strain rate respectively
diametral strain

longitudinal strain
plastic (only) strain

gtrain pertaining to first excursion (1), or
full-cyclic equilibrium (2) strain cycle
testing machine stiffness

total compliance of a specimen-machine assem-
blage
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“y’ Cy - stress, strain in direction normsl to plane of
mode I crack
g - distance ahead of crack or singularity point
of crack-tip stress field
dm - a specific wvalue of r, found as a size para-
meter in the fracture-flow modelling
ro - radius of a ligament of diameter drp
Armg - radial diminution due to environmental surface
attack or annihilation during the load cycle
Vg - rate of surface attack, Arg/t
A - cross-sectional area of dp-ligament
NAV - change in ligament cross-section due to Poisson
contractiocn
A, - change in ligament cross-section due to surface
annihilation |
i 90 - change in stress on ligament due to strain- i
¢ hardening of ligament material
' 90, — echange in stress on ligament due to stress 5

relaxation of the ligament material

Kg - value of K associated with the strain gradient
near the eraek tip
Ky, - wvalue of K @ssociated with load application in
the fatigue cycle
£q - gradient strain, proportional to de gt r = dT’ ‘
also proportional to Kg dr
&7, = loading strain, at = dn, doge to application
of leoad in fatigue eyele, also proportional (
TO KL |
eg or Aegy - strain amplitude associated with maximum
stress intensity factor or its excursion 1
AEP = - plastic strain accruing in one loading cycle %
: /€ due to both crack loading and propagation ‘
p
Gp - growth rate factor associated with cyclic (2) |
stress straln curve |
Gy - growth rate factor associated with first |
excursion (1) stress strain curve |
G2/1 - growth rate factor proportional to the corro- |
sion-augmentation of cyclic fatigue crack
growth
f5(m) - coefficient of G,
f1(arg) - coefficient of G or Gy,
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G(N) - growth rate factor found by adding varying

degrees of 09/1 to G,

Y _ strain rate factor proportional to G(N) used

to display curves of constant plastic strain

rate of the dp ligament, Ep/f

N - geometric series exponent for parametric
of constant Arg in G(N) ws Aeg space
M - geometric series exponent for parametric

of constant Ep/f in Y vs deg space

CONVERSION FACTORS

1 MNm=2 = 1 MPa = 0.145 ksi

1/2
1l MNm‘3/2 = ] MPa * m / = 10,91 kgl Vin.
1 um = 9.k w dns
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